Glass-ceramic composite materials are being investigated for numerous applications (i.e. textile, energy storage, nuclear waste immobilization applications, etc.) due to the chemical durability and flexibility of these materials. Borosilicate and Fe-Al-borosilicate glass-ceramic composites containing brannerite (CeTi2O6) or zirconolite (CaZrTi2O7) crystallites were synthesized at different annealing temperatures. The objective of this study was to understand the interaction of brannerite or zirconolite-type crystallites within the glass matrix and to investigate how the local structure of these composite materials changed with changing synthesis conditions. Powder Xray diffraction (XRD) and Backscattered electron (BSE) microprobe images have been used to study how the ceramic crystallites dispersed in the glass matrix. X-ray absorption near edge spectroscopy (XANES) spectra were also collected from all glass-ceramic composite materials.
Introduction
Glass-ceramic composite materials containing crystalline phases within a glass matrix have received attention for numerous applications in strategic fields such as medicine (bioactive composite as bone replacement and drug delivery systems), photonics, energy storage, aerospace, textiles, and waste management. [1] [2] [3] [4] [5] [6] The safe and secure immobilisation of nuclear waste is one of the applications that composite materials have received attention for. [4] [5] [6] [7] [8] [9] [10] Extensive studies in the field of nuclear waste sequestration have led to the development of wasteforms based on crystalline ceramics, 11-13 amorphous glasses, 14,15 and glass-ceramic composite materials. [4] [5] [6] 16 Glass-ceramic composite wasteforms have the potential to provide significantly higher waste loading, enhanced thermal stability, and flexibility compared to glass or ceramic wasteforms alone. [6] [7] [8] [9] [10] [16] [17] [18] [19] [20] For example, radioactive waste elements incorporated in the highly durable crystalline phase within the glass matrix would benefit from a double barrier (ceramic + glass). 4, 10, [18] [19] [20] Studying the local structure of these materials is a crucial step to the development of wasteforms for nuclear waste sequestration. 9, 10, [17] [18] [19] [20] Borosilicate glasses containing both silicon and boron as network formers were proposed as the first generation wasteform for the immobilisation of high level nuclear waste (HLW) due to the stability and flexibility of the silicate network. 7, 14, 21, 22 It has been suggested that the presence of transition metals (e.g., Fe) in the borosilicate glass can increase the structural stability of these wasteforms. [23] [24] [25] The release of β-particles and γ-rays from radioactive elements can lead to the formation of electron-hole pairs in the glass wasteforms and the presence of Fe in the glass has been suggested to be able to trap electron-hole pairs. 23, 25 This could result in the materials having an increased resistance to radiation induced structural damage.
23-25
Titanate ceramics (e.g., SYNROC) are another option for HLW sequestration applications. [26] [27] [28] [29] Brannerite, having the composition MTi2O6 (M = U, Th, Ce), is one possible host matrix for the immobilization of actinide-bearing radioactive waste. [30] [31] [32] [33] The brannerite crystal structure belongs to the monoclinic system, with space group C2/m. The structure consists of alternating columns of edge-sharing MO6 octahedra with regular shapes and distorted layers of edge-sharing TiO6 octahedra that are corner sharing with the MO6 octahedra ( Figure   1a ). 30, 31 Cerium acts as an actinide simulator element in MTi2O6 because Ce has a similar ionic radius, coordination environment, and electronic structure to some actinide elements. [31] [32] [33] Cerium is not a good simulator element for U because Ce can be easily reduced to Ce 3+ while U 3+ is rare;
however, Ce is a good simulator element for Pu. [31] [32] [33] Moreover, the crystalline structure of brannerite (MTi2O6) is a good example for immobilizing uranium-bearing radioactive waste because UTi2O6 can hold a significant concentration of uranium (~55 wt% per formula unit). 32, 33 Zirconolite-based ceramics are considered as one of the most promising wasteforms for HLW sequestration applications. 35, 36 Previous studies have demonstrated that zirconolite can immobilise both actinides and fission products in the crystal lattice for the long term. 37, 38 Zirconolite refers specifically to CaZrTi2O7, which has a monoclinic structure (space group C2/c). The zirconolite crystal structure forms a monoclinic system that is made up layers of TiO6 and TiO5 polyhedra with Ca 2+ (8 coordinate) and Zr 4+ (7 coordinate) ions located in the large interstitial sites between these layers (Figure 1b) . 39 The objective of this study is to understand how ceramic crystallites behave within a glass matrix, and to investigate how the local structure of these composite materials change as a result of synthesis conditions. Borosilicate and Fe-Al-borosilicate glass-ceramic composites containing brannerite (CeTi2O6) or zirconolite (CaZrTi2O7) crystallites were synthesized at different annealing temperatures to study the effect of composition and annealing temperature on the local and long-range structure of these materials. Electron microscopy and powder X-ray diffraction (XRD) have been used to study the dispersion of ceramic crystallites in the glass matrix. X-ray absorption near-edge spectroscopy (XANES) was used to investigate changes in the local structure of these materials by collecting Ti K-, Ce L3-, Zr K-, Si L2,3-, Fe K-, and Al L2,3-edge XANES spectra. 40 
Experimental

Synthesis
Brannerite was synthesized using the ceramic method. CeO2 (Alfa Aesar, 99.9%) and TiO2 (anatase, Alfa Aesar, 99.6%) powders were mixed in stoichiometric amounts, pelleted at 6
MPa and heated in air for six days at 1325 °C with intermediate mixing and pelleting.
Zirconolite, nominally CaZrTi2O7 was also synthesized by the ceramic method using a stoichiometric mixture of CaO, ZrO2 (Alfa Aesar, 99.7%), and TiO2 (rutile, Alfa Aesar, 99.9%) powders. Calcium carbonate (CaCO3, ACS, >99%) was heated in air first at 900 °C for one day to decompose to CaO. CaZrTi2O7 was synthesized by mixing the binary oxides using an agate mortar followed by pressing the mixture into a pellet using a pressure of 6 MPa, and then heating the pellet in air for two days at 1400 o C. The sample was then quench cooled in air, ground, pelleted, and re-heated at 1400 o C for another two days. Diffraction patterns from the ceramics (brannerite and zirconolite) were collected using a PANalytical Empyrean X-ray diffractometer and a Co Kα1,2 X-ray source at room temperature. Phase analysis was performed using the High Score Plus software package. 41 Borosilicate glass (BG) and Fe-Al borosilicate glass (FABG) were synthesized by the ceramic method. The compositions of the borosilicate and Fe-Al borosilicate glasses are listed in Table 1 . Appropriate amounts of the respective metal oxide powders were mixed, pressed into pellets at 6 MPa and annealed at 1100 o C for 1 hour in graphite crucibles. Labels used to name the glasses and glass-ceramic composites studied are listed in Table 2 . here had a liquid state at this temperature. The annealing temperatures used in this study were chosen so as to study how such significant differences in temperature impact the local and longrange structure of the composite materials.
Electron microprobe analysis
The surface morphologies and chemical compositions of the samples were examined by collecting backscattered electron images (BSE) and energy dispersive X-ray (EDX) maps. BSE images and EDX maps were collected using a JEOL 8600 electron microprobe instrument. The glass-ceramic composite beads were embedded in a polymer resin and the surfaces of the beads were polished using diamond paste. The samples were coated with carbon to reduce charging effects. 44 BSE images were collected from the composite materials using a magnification of 1000X. Samples were mapped by EDX to determine the chemical composition at different locations. Laboratory. 45 A Si (111) double crystal monochromator with a harmonic rejection mirror was used, which provides a photon flux of ∼10 11 photons/s. 45 The resolution of the spectra is 0.7 eV at 4966 eV (Ti K-edge), 0.9 eV at 5723 eV (Ce L3-edge), and 2.6 eV at 17998 eV (Zr K-edge). 45 The samples were finely ground and sealed between layers of Kapton tape, and the thickness was adjusted by varying the number of layers of tape to maximize the absorption signal. Multiple scans of each spectrum were collected in fluorescence yield or transmission mode. The transmission spectra were recorded using ionization chambers filled with He(g) and N2(g) to achieve optimal absorption-edge step heights and signal-to-noise ratios. 46 The spectra were also collected in fluorescence mode using a single element vortex silicon detector. XANES spectra were collected using a step size of 0.15 eV/step through the Ti K-and Ce L3-edges and 0.5 eV/step through the Zr K-edge. The Ti K-edge spectra were calibrated using Ti metal (4966 eV) and the Ce L3-edge spectra were calibrated using Cr metal (5989 eV). 33, 44 The Zr K-edge spectra glass sample was assumed to be a result of the presence of Al. 44 It was shown previously that Al is responsible for stabilizing the amorphous structure of the Fe-Al-borosilicate glass. 44, 51 Aluminum is a network intermediate and can behave as a network former or a network modifier. 8, 44, [51] [52] [53] Al is known to substitute into 4-to 6-coordinate positions, including those normally occupied by Si, and can aid in the formation of the glass.
XANES
52-54
Powder XRD patterns were collected from composite materials containing different information. Diffraction patterns from these composite materials were observed to be similar to the patterns from borosilicate glass-based composite materials. These results indicate that the type of glass used (i.e., borosilicate or Fe-Al borosilicate) does not influence how the annealing temperature affected the average structure of these composite materials.
Electron microscopy and EDX
BSE images from the borosilicate glass composite materials (BG-CeTi2O6/CaZrTi2O7) annealed at either 750 or 1100 o C are shown in Figure 6 . The BSE images from the glass-ceramic composite materials (see Figure 6 ) show that the brannerite or zirconolite crystallites (bright area) can be differentiated from the glass matrix (dark area). Moreover, air bubbles formed during annealing were also observed in the images from these materials.
The BSE images from the composite materials annealed at 1100 
XANES analysis
Examination of Ti K-, Ce L3-, Zr K-, Si L2,3-, Fe K-, and Al L2,3-edge XANES spectra from the glass-ceramic composite materials has allowed for a study of how the annealing temperature, glass composition, and the loading of the ceramic crystallites affected the local environment of the glass-ceramic composites.
Ti K-edge XANES
Ti K-edge XANES spectra were collected from the BG-CeTi2O6 and BG-CaZrTi2O7 composite materials containing 10, 20, and 30 wt% of CeTi2O6 or CaZrTi2O7 annealed at either 750 or 1100 o C (see Figures 7 and 8) . Examination of the Ti K-edge spectra shows how the loading of the ceramic (CeTi2O6 or CaZrTi2O7) in the glass matrix and the annealing temperature used can affect the local coordination environment of Ti in the composite materials. These spectra result from 1sà3d (quadrapolar; pre-edge (A)) and 1sà4p (dipolar; main-edge (B and C)) transitions. 33, 44, 55 The pre-edge region (features A1, A2 and A3) contains peaks resulting from local 1sà3d t2g (A1) and 1sà3d eg * (A2) transitions, as well as a third peak (A3) that results from a non-local, intersite-hybrid excitation involving the transition of 1s electrons to unoccupied 3d orbitals from a next-nearest-neighbour Ti ion that overlaps with 4p orbitals from the absorbing Ti ion through bridging O 2p orbitals. 33, 44, 55, 56 The intensity of the pre-edge feature (A) increases while the energy (B) and intensity (C) of the main-edge features decrease with decreasing Ti coordination number (CN). [56] [57] [58] [59] [60] The quadrupolar transition (pre-edge (A)) is normally forbidden by dipole selection rules but it becomes allowed with mixing of d and p orbitals. 33, 44, [56] [57] [58] [59] [60] An increase in the intensity of the preedge peak is observed for a site without a centre of symmetry (i.e., TiO4 tetrahedron or a TiO5 square pyramid) because of the mixing 3d with 4p orbitals, which provides some dipole allowed character to the quadrupolar transition. The pre-edge peak can therefore be used to infer the Ti CN. 33, 44, [56] [57] [58] [59] [60] The energy and intensity of the main-edge features (B and C) can change because of variations in CN and/or oxidation state. 55, 61 Feature B can shift to a lower energy because of a decrease in CN. [56] [57] [58] A lower CN results in greater final state relaxation effects due to the presence of fewer electrons in the first coordination-shell leading to a shift down in absorption energy. 56 The intensity of feature C is also affected by changes in the CN. As the CN decreases, this reduces the number of Ti 4p-2p O final states available for 1s electrons to be excited to, resulting in a decrease in the intensity of feature C. 56 Feature B (and C) can also shift in energy with changing oxidation state. An increase in the oxidation state will result in fewer electrons being available to screen the nuclear charge and, therefore, more energy is required to excite core electrons leading to an increase in the observed absorption energy. 44, 55, 61 Examination of the Ti K-edge spectra from the BG-CeTi2O6 composite materials . [56] [57] [58] [59] [60] It is recognized that the shift down in energy of feature B could also suggest that Ti 4+ is reduced in the composite materials, however a reduction in the Ti oxidation should also lead to a decrease in the intensity of the pre-edge peak (feature A) which was not observed. The observed increase in the intensity of feature A and decrease in energy of feature B when comparing the composite materials to CeTi2O6 can only be attributed to a lowering of the average Ti CN. 33, 44, [56] [57] [58] [59] [60] Titanium adopts a lower CN when incorporated in the glass versus when it is incorporated in brannerite. 44 Moreover, the average Ti CN is lower in increased with increasing the annealing temperature or decreasing zirconolite loading in the composite materials when compared to the spectrum from CaZrTi2O7 (see Figures 8a and 8b ).
These observations indicate that Ti occupies a lower CN when incorporated in the glass than in ceramic. 44 The composite materials containing zirconolite annealed at 1100 Figure S6b ) also shows that the behavior of Ti is not affected by changing the type of glass used to form these composite materials.
Ce L3-edge XANES
Ce L3-edge XANES spectra were collected from the BG-CeTi2O6 composite materials annealed at either 750 or 1100 o C to study how the local environment of Ce changes in these materials and are shown in Figure 9 . Four features are observed in these spectra from Ce 4+ , which are labelled as B1, B2, B3, and B4 (see Fig. 9 ). The spectra result from a quadrupolar 2p à4f transition (B1) and three dipolar 2p à5d transitions where the final-states of Ce changes to 4f 2 (B2), 4f 1 (B3), and 4f 0 (B4). 33, 62 Examination of the Ce L3-edge XANES spectra from the BG-CeTi2O6 composite materials shows that the intensity and energy of the pre-edge and main-edge features changed when the annealing temperature was changed from 750 to 1100 ). 33, 62, 63 This effect was observed to be much more severe when Ce is contained in the glass matrix than in the ceramic (CeTi2O6) as a result of brannerite dissolving in the glass matrix when an annealing temperature of 1100 o C was used. 33 The major oxidation state of Ce was observed to be 4+ for all composite materials observed to be present.
Zr K-edge XANES
Zr K-edge spectra were collected from the composite materials containing CaZrTi2O7 in order to understand how the Zr CN in the BG-CaZrTi2O7 composites was affected by the synthesis conditions used to form these materials (Figure 10) . A distinct pre-edge peak (1s→4d)
is not observed in the Zr K-edge XANES spectra because of the low resolution of the spectra and the decreased separation between Zr 4d and 5p orbitals when compared to first row transition metals like Ti. 64, 65 Although the resolution of the pre-edge peak in the Zr K-edge spectra makes it difficult to investigate changes in Zr CN, the main-edge features are sensitive to CN changes. 64, 65 The spectrum from zirconolite exhibited a broad maximum in the main edge at around 18017 eV, which is in good agreement with previous studies of materials containing 7-coordinate Zr (Zr [7] ). [64] [65] [66] [67] The intensity, energy, and lineshape of the pre-edge and main-edge features of the spectra were observed to change as the annealing temperature of the composite materials was varied. The observed changes in the Zr K-edge XANES spectra (i.e., large differences in the spectral lineshape) have been shown previously to result from variations in the CN of Zr
4+
. [65] [66] [67] A double peak in the main edge with a maximum around 18030 eV is observed in the Zr K-edge XANES spectra from materials containing six-coordinate Zr while a single broad peak in the main edge is observed for materials containing seven-coordinate Zr. [64] [65] [66] [67] These observations fit well with the observations of Zr K-edge XANES spectra from the composite materials presented here and indicate that Zr adopts a lower CN when it is incorporated in the glass matrix than in zirconolite crystallites. 68 Moreover, comparing the Zr K-edge XANES spectra from the glass-ceramic composite materials shows that the average Zr CN is lower in the composites annealed at 1100 o C compared to the composite materials annealed at 750 o C. As the annealing temperature increased, the CN of Zr decreased in the composites because of zirconolite crystallites dissolving in the glass matrix.
Si L2,3-edge XANES
Si L2,3-edge XANES spectra were collected to study how the local structure of Si in the glass was affected by varying the loading of the ceramic, annealing temperature, and the type of glass used to form the composite materials. The Si L 2,3 -edge XANES spectra contain two features that result from 2pà3s (Feature D) and 2pà3d (Feature E) transitions, respectively.
The low-energy feature (D) is split into two peaks (D 1 and D 2 ) due to spin-orbit splitting. 69, 70 It was observed in previous studies of Si L 2,3 edge XANES spectra that features D and E become narrower to higher energy on going from amorphous silicate to quartz. 44, [70] [71] [72] The spectra from materials containing amorphous silicates (i.e. glass) have broader peaks to lower energy compared to their crystalline analogues, which can be attributed to the lack of long range order in amorphous silicates. [70] [71] [72] As the materials change from amorphous silicates to quartz, a more 
Fe K-edge XANES
Fe K-edge XANES spectra were collected to study how the redox chemistry of Fe in the 
Al L2,3-edge XANES
Al L 2,3 -edge XANES spectra were collected from the FABG-CeTi2O6 composite materials annealed at either 750 or 1100 o C to study the local environment of Al (see Figure S8 in supporting information). The spectra contain two features (D and E) that result from 2pà3s and 2pà3d transitions, respectively. 80 It has been shown previously that Al L 2,3 -edge XANES spectra are sensitive to changes in the CN of Al. 80 In the present work, examination of the spectra from the composite materials show negligible changes in the spectral features. These observations indicate that the local structure of Al in the composite materials is not affected considerably by varying the loading of the ceramic or the annealing temperature used to form these composite materials.
Conclusions
A good insight into the local structure of glass-ceramic composite materials has been achieved by the investigation of borosilicate and Fe-Al-borosilicate glass-ceramic composites containing brannerite or zirconolite crystallites. These investigations have shown that the CeTi2O6 or CaZrTi2O7 crystallites can dissolve in the glass matrix depending on the ceramic loading, the glass composition, and the annealing temperature used to form these composite materials. It was observed that the CeTi2O6 or CaZrTi2O7 crystallites can dissolve significantly in the glass matrix when annealed at high temperature. Examination of Ti K-and Zr K-edge XANES spectra from the composite materials indicated that applying a lower annealing temperature is desired for the formation of a composite material with only a small fraction of the ceramic crystallites (CeTi2O6 or CaZrTi2O7) having dissolved in the glass matrix. The Si L2,3-edge XANES spectra showed that the ordering of the silicate network can be affected depending upon the loading of CeTi2O6 or CaZrTi2O7, annealing temperature, and the type of glass used to form these composite materials. Further, the study of the Ce L3-and Fe K-edge XANES spectra from the Fe-Al-borosilicate composites showed that the oxidation state of Ce and Fe in the glassceramic composite materials is strongly affected by the annealing temperature. The comparison of glass-ceramic composite materials containing brannerite and zirconolite has shown that similar changes in the long-range and local structure of these composite materials occurs as a result of changing the synthesis conditions. The study of these composite materials will provide a better understanding of how to develop and design materials as nuclear wasteform materials as well as for other applications. Zr [7] Pre-edge 
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